The eye offers a unique opportunity for non-invasive exploration of cardiovascular diseases. Optical angiography in the retina requires sensitive measurements, which hinders conventional full-field laser Doppler imaging schemes. To overcome this limitation, we used digital holography to perform laser Doppler perfusion imaging of the human retina in vivo with near-infrared light. Wideband measurements of the beat frequency spectrum of optical interferograms recorded with a 39 kHz CMOS camera are analyzed by short-time Fourier transformation. Power Doppler images and movies drawn from the zeroth moment of the power spectrum density reveal blood flows in retinal and choroidal vessels over 512 × 512 pixels covering 2.4 × 2.4 mm 2 on the retina with a 13 ms temporal resolution.
I. INTRODUCTION
Monitoring retinal vascularization is crucial to understand the pathophysiology of major diseases [1, 2] . Nowadays, OCT-angiography (OCTA) and laser speckle flowgraphy (LSFG) are efficient and non-invasive vascular imaging systems [3, 4] . OCTA makes use of variations in OCT signal caused by moving particles to generate angiographic contrast by calculting the local variance over a few repeated measurements [5, 6] . OCTA instruments can map retinal and micro-choroidal vascular networks with a micrometer axial resolution and measure relevant metrics such as size and distribution of capillaries and the extent of the foveal avascular zone [3] . LSFG uses speckle contrast imaging and can also derive metrics to estimate retinal health from images with blood flow contrast [7] . Both OCTA and LSFG instruments rely on speckle variations to extract blood flow contrast from structure images. The temporal resolution for swept-source OCTA is of the order of a second to obtain en-face images as it is necessary to reconstruct a full volume, and 33 ms for the recent LSFG NAVI (Softcare Ltd, Fukuoka, Japan). Lately, phase-sensitive full-field swept-source OCT seems to have opened the way to new imaging schemes [8] : measurements with a higher temporal resolution than state of-the-art angiography methods can be performed with digital holography. For the laser Doppler technique we present here, the blood flow contrast is drawn from the beat frequency spectrum of the holograms recorded with a high throughput camera. This method can be seen as a full field implementation of scanning laser Doppler flowmetry [9] , but in contrast with direct image detection [10] , optical interferograms are recorded to obtain holograms. To the best of our knowledge, we report here on the first implementation of laser Doppler perfusion imaging in the human retina. In contrast with previous attempts on rodent eyes [11] , the optical configuration is modified to avoid the use of a coverslip with gel to compensate for the refractive power of anterior segment, and the on-axis holographic configuration is chosen to maximize the field of view. The optical setup designed for this study, sketched in Fig. 1 , consists of a fiber Mach-Zehnder optical interferometer. The light source used for the experiments is a 45 mW, single-mode, fiber diode laser (Newport SWL-7513-H-P) at wavelength λ = 785 nm. The retina is illuminated with a 1.2 mW constant exposure over 2.4 × 2.4 mm 2 area. This irradiation level is compliant with the group 1 exposure levels of the international standard for ophthalmic instruments ISO 15004-2:2007. Informed consent was obtained for each subject and experimental procedures adhered to the tenets of the Declaration of Helsinki. A Polarizing Beam Splitter (PBS) cube is used in the object arm to illuminate the eye and collect backscattered light. The PBS separates linear polarizations: it fully reflects the illumination beam and only the cross-polarized component of the light backscattered by the retina is transmitted to the camera. As the light is depolarized in multiple scattering regime [12, 13] , this configuration allows for the selection of multiple scattered photons. For each scattering event on a moving particle, a photon frequency is shifted by a quantity known as the Doppler shift, which value depends on the wave vectors and the object speed and direction. When photons go through several scattering events, the total frequency shift is the sum of all individual frequency shifts, leading to a larger spectral broadening of the optical field [14] . Most importantly, the particles whose movements are not along the optical axis contribute to the spectral broadening, so the instrument is sensitive to lateral motions which allows it to image blood vessels in en-face planes. Selecting the cross-polarized component also allows us to filter out the specular reflection from the cornea because this specular reflection conserves the initial polarization.
In laser Doppler measurement techniques, the Doppler effect is treated as a frequency shift of the optical field itself [15] ; here we consider the optical field E backscattered by the retina to be the sum of the Doppler frequency shifted contributions. The interference pattern on the sensor is I = |E LO +E| 2 ; the reference wave E LO is collimated and considered to be monochromatic and stable and its polarization is adjusted with a half-wave plate and polarizer to optimize the fringe contrast. The two waves are combined with a non-polarizing beam splitter cube, which is slightly tilted to avoid ghost reflections. In the cross-beating terms, the optical field frequencies cancel out: the interferogram beat frequency spectrum carries the optical Doppler broadening. Doppler frequency shifts for biological tissues are small compared to the 3.8 × 10
14 Hz laser optical frequency, but a major part of the retinal Doppler shift frequency spectra (DSFS) can be measured within the camera bandwidth by means of interference. Indeed the typical DSFS width for retinal vessels has been reported to be around 15-20 kHz [9] . The interference pattern is sampled on a fast CMOS camera (Ametek -Phantom V2511, 39 kHz; quantum efficiency 40%, 12-bit pixel depth) for wideband measurements of the beat frequency spectrum; the camera records the interferograms on its on-board memory and the data are processed offline. Interferograms are recorded on the 512×512 pixel sensor with an acquisition rate of 39.0 kHz, a frame exposure time of 25.0 µs, and a 28 µm pixel size. Image rendering of complex-valued holograms H(x, y) is performed using the angular spectrum propagation of the recorded interferograms I(x, y) [16] : 
is the wavevector projection along z. The lateral field of view of the reconstructed holograms of 512 × 512 pixels has an extent of 2.4 × 2.4 mm 2 . A Short-Time Fourier Transform (STFT) method is used to analyze the evolution of the Doppler broadening over time through the changes in the beat-frequency spectrum: the variations with time of Power Spectrum Density (PSD) are resolved with a sliding short time window constituted of 512 consecutive holograms H (∼ 13 ms). For each 3D sliding window, a single image with a blood flow contrast is formed using the process illustrated in Fig. 2 : first, the short-time holograms window is apodized with a Gaussian function which optimizes the time-frequency resolution trade-off in a STFT analysis, then it is Fourier transformed along the temporal dimension. The width of the Gaussian window is set to 2σ ≃ 13 ms. The PSD is then estimated from the squared magnitude of the FFT:
Finally the quantities M 0 + and M 0 − are calculated as follows:
S(x, y, t n , ω) ± S(x, y, t n , −ω)dω (2) M 0 + is the zeroth moment of the high-pass filtered PSD; it corresponds to the area under the curve and yields power Doppler images which reveal the local blood flow. M 0 + is the difference between the positive and negative parts of the PSD; it shows the spectrum asymmetry and thus the direction of the flow with respect to the optical axis. In the end a single image is built and the sliding window is moved along the temporal dimension of the hologram stack. The result of this process is a movie of 2023 images M 0 ± drawn from the 259,329 initial interferogram frames I. The tissue perfusion occurring during the laps of time of the short-time window is revealed by power Doppler images M 0 + , displayed in Fig.3 .c and Fig.4 .c. The power Doppler images are compensated for the non-uniform illumination; this process makes vertical lines stand out; these artefacts come from a high temporal frequency electronic noise of the camera. The Doppler spectral broadening is larger when the speed is greater, thus the parts of the retina where there is more movement are directly revealed in the power Doppler images intensity. When integrating the whole high-pass filtered PSD, the pixels where the Doppler broadening is the greatest have the brightest intensity on M 0 + images. As a result, the most noticeable features of the images are the retinal and choroidal vessels, due to the considerable flow of red blood cells (RBCs) moving at high speed. Blood vessels are clearly visible on the power Doppler images and give a stronger signal than background tissues. The first and second moment of the PSD are often calculated in laser Doppler imaging [17] . In our case the zeroth moment yielded images with the best spatial resolution. The chosen width of the short-time window results from a trade-off between temporal resolution, and Signal-toNoise Ratio (SNR). Integrating the signal over a longer time period can improve the SNR. However for excessively long short-time windows, involuntary eye movements limit the improvement in SNR. As two events happening during the same window cannot be separated, the sliding window width defines the instrument's temporal resolution. The lower cut-off frequency ω c used for high-pass filtering the PSD is set in accord with the retinal region being imaged so that the PSD of the vessels is greater than the PSD of the surrounding tissue, i.e. around 4-5 kHz. This segmentation of the spectrum for different frequency ranges of the PSD is illustrated in Fig.5 : at lower frequencies (2-4 kHz) the background tissue PSD is greater than the vessel PSD. For higher frequencies (4-10 kHz), the retinal vessel PSD is greater and finally for the highest frequencies (10-19.5 kHz) the choroidal vessel PSD is greater.
The temporal resolution of 13 ms is short enough to observe the change in blood flow within cardiac cycles (see Fig.4 .c-e). When a heartbeat occurs, the increased speed and concentration of particles in vessels causes a Doppler spectral broadening of the optical field scattered in these structures, which is revealed by the STFT analysis. A retinal artery and vein are visible on the images; during systole (during contration of the cardiac muscles) and diastole (when the heart muscle relaxes, and the arterial pressure is the lowest) the intensity of both vessels vary with the blood flow. The artery gives a stronger signal than the vein during systole, because of the higher speed of circulating RBCs which is in agreement with results reported in the literature [18] ; the artery also shows a deeper amplitude modulation than the vein. The shape of the curve is notable: for each cardiac cycle, a peak is reached at the time where the perfusion is maximum, and is followed by a second one of lower amplitude which corresponds to the dicrotic notch which has previously been observed in laser Doppler spectroscopy [19] and Doppler sonography [20] . It should be noted that the background tissue also exhibits a flow behavior because of unresolved retinal and choroidal capillaries. As most ophthalmic instruments, the ability of laser Doppler holography to perform retinal imaging during micro-saccades is limited as the motion due to the global movement of the eye is greater than local pulsatile flow. However drifts and tremor do not prevent blood flow imaging, as can be observed in visualizations.
In the first CMOS Doppler imaging scheme proposed by Serov et al. [10] , the light backscattered by the sample was not combined with a reference beam but was self-interfering. In that configuration, a negative or positive Doppler frequency shift generates the same signal on the sensor: the signal recorded is real so its spectrum is exactly symmetric and the sign of the frequency shift cannot be recovered. In our case, as the reconstructed holograms are complex-valued and the phase of the optical field is known, the spectrum is no longer symmetric and it becomes possible to distinguish positive and negative frequency shifts. The difference between the negative and positive part of the beat frequency spectrum contains information about the predominant flow direction. When calculating M 0 − , we observe an asymmetry of the spectrum in agreement with the vessel geometry (cf. Fig.3.d and Fig.4.d) . If the vessels are not perpendicular to the optical axis, the projection of the velocity vector on the optical axis is non-null and the sign of the PSD asymmetry varies accordingly with vessel directions.
Even if they are visible on the images, the interpretation of the choroidal vessels intensity is ambiguous because the choroid is located beneath the retinal pigment epithelium (RPE) which is a highly scattering and absorbing layer. The Doppler broadening of light reaching the choroidal vessels and backscattered to the sensor is affected by both the choroid vessel and the RPE. Consequently, the larger Doppler broadening occurring in the choroidal vessels might be explained by the fact that the RPE contributes significantly to the Doppler spectral broadening or because the average velocity of the RBCs is higher in the choroidal vessel than in retinal vessels.
In conclusion, wideband Laser Doppler holography can reveal retinal blood flow pulsatility in humans over a large field of view with a temporal resolution of only 13 ms while keeping the tissue exposure under 1.2 mW with near-infrared light. The angiographic contrast which is sensitive to lateral motion is drawn from the optical power spectrum density using a short-time Fourier transform analysis. Contrarily to OCT-A instruments, our method currently does not allow for depth sectioning, but instead both retinal and choroidal vessels are within the depth of field. Thanks to its high temporal resolution, laser Doppler holography could provide new insights on the dynamics of the vascular system as well as potential new ways to diagnose and follow-up major retinal or cardio-vascular diseases. 
